Increasing Research and Development (R&D) costs, growing competition from generic manufacturers and dwindling rates of novel drug products reaching the market are giving impetus to the efforts of pharmaceutical firms to secure competitiveness by investigating Continuous Pharmaceutical Manufacturing (CPM). The present paper explores the CPM of two key Active Pharmaceutical Ingredients (APIs), ibuprofen and artemisinin: cost savings and material efficiency benefits are evaluated for CPM vs. batch processing, with two continuous options for each API. Capital Expenditure (CapEx) savings of up to 57.0% and 19.6% and corresponding Operating Expenditure (OpEx) savings of up to 51.6% and 29.3% for ibuprofen and artemisinin, respectively. Total projected cost savings for a 20-year plant lifetime can reach 54.5% and 20.1%, respectively. Environmental (E)-factors (mass of waste generated per unit mass of product) of 43.4 (for ibuprofen) and 12.2 (for artemisinin) have been computed, indicating quite acceptable material efficiencies for these conceptual continuous pharmaceutical processes.
INTRODUCTION
Due to the increasing cost of pharmaceutical product R&D and competition from generic manufacturers, current research focuses on more efficient, cost-saving production methods which are superior is several aspects compared to batch production, the current paradigm in the pharmaceutical industry (Behr et al., 2004; Ashe, 2012) . Batch production processes have multiple advantages including equipment flexibility, the ability to buy vessels 'off-the-shelf', efficient high-fidelity quality control and the ability to recall specific batches. However, improvements in batch production are rare, as this is a mature technology: its limitations include large storage volume requirements, poor heat and mass transfer scaling, and inefficient solvent and energy use (Anderson, 2012; Gernaey et al., 2012) . Attention is turned to Continuous Pharmaceutical Manufacturing (CPM) which has the potential to revolutionise drug production quality, safety, yields, efficiency (of equipment, energy and material) and cost (Plumb, 2005; Roberge et al., 2008; Mascia et al., 2013) . However, as pharmaceutical firms have significant investments in batch plants, and as production licenses are often legally tied to the specific (batch) production method, research conclusively elucidating the benefits of CPM is required in order to facilitate this paradigm shift in drug production .
Two rapid and low-cost methodologies for evaluating the benefits of continuous processing for the production of pharmaceuticals include investigating the viability and feasibility of CPM processes via process modelling and simulation (Gerogiorgis and Barton, 2009; Teoh et al., 2015) . Additionally, extensions to cost estimation allow economic benefits of CPM processes to quantified (Schaber et al., 2011) .
In previous work we systematically identified promising candidates for CPM and performed an initial comparative techno-economic assessment of two of these: ibuprofen and artemisinin Gerogiorgis, 2015a, 2015b) .
Ibuprofen (2-(4-isobutylphenyl) propanoic acid) is a widely used analgaesic considered an essential drug by the World Health Organisation. It is significant market presence in many different commercial formulations. First synthesised in the 1960s, the first industrial six-step Boots synthesis method has been largely replaced by a more efficient, less complex route (Adams, 1992) . In a recent landmark study, the continuous synthesis of ibuprofen was performed using novel reaction routes, producing ibuprofen in high yield using three reactors (Bogdan et al., 2009 ).
Artemisinin has been used medicinally for a long time, especially in traditional Chinese remedies, as its source plant sweet wormwood; it was identified and isolated as the API only relatively recently in the 20 th century (Tu, 2011) . As is frequently the case, the current production method is batch extraction of artemisinin using solvents. Taking into account cultivation times, this results in a long lead time from seed planting to final dosage formulation, and together with unpredictable demand results in highly fluctuating prices (Hommel, 2008; Cutler, 2013) . There have been attempts to produce synthetic and semi-synthetic artemisinin in recent years (Zhu and Cook, 2012; Peplow, 2013; Paddon and Keasling, 2014; Turconi et al., 2014) . Biotechnology has also been explored in this regard (Wang et al., 2014; Abdin and Alam, 2015; Corsello and Garg, 2015) . Of particular interest is recent work concerning the semi-synthesis of artemisinin from the waste of current batch production methods (Lévesque and Seeberger, 2012 ; Kopetzki et al., 2013; Gilmore et al., 2014; Horváth et al., 2015) . In this process dihydroartemisinic acid (DHAA), which is normally discarded as waste, undergoes photo-oxidation with the subsequent use of an acid catalyst to transform it via several intermediates to artemisinin.
Here, we present a more detailed extended study analysing the economic benefits, in terms of cost savings, of performing product separation and recovery via continuous processing as opposed to batch for ibuprofen and artemisinin, with the process models based on published continuous synthesis routes (Bogdan et al., 2009; Kopetzki et al., 2013) . Two continuous separation alternatives are studied for each API (totaling six with the inclusion of a batch reference case for each) and through using systematic cost estimation methods Capital Expenditure (CapEx), Operating Expenditure (OpEx) and total cost savings over a typical plant lifetime are calculated. In addition, material efficiency of each process is evaluated using the Environmental (E) factor (Sheldon, 2012) . To further elucidate the potential cost savings, a simplified 'lean' modification of the batch processes are studied in comparison to the continuous schemes, as well as a process scale-up from 100 kg/yr annual API production to 1,000 kg/yr to investigate whether cost advantages remain in these cases. This paper is organized in the following manner: process descriptions, reaction schemes and synthesis sections of the two flowsheets first presented; also presented are the separation schemes, for which batch and continuous versions are studied. More detailed flowsheets giving individual process equipment are also presented. Subsequently, the cost analysis methods are thoroughly covered along with a discussion of how equipment and process vessels were sized. The results cover potential cost savings between the various process options and detail how Capital Expenditure (CapEx), Operating Expenditure (OpEx), total cost savings, and material efficiency (in terms of E-factor) vary, for two production scales and two levels of reference batch case complexity. The results are then discussed in the wider context of this emerging field of research.
PROCESS DESCRIPTION

Ibuprofen
The landmark continuous synthesis by Bogdan et al. (2009) forms the basis for the ibuprofen flowsheets studied here (Figure 1 ). First, isobutyl benzene (IBB) reacts with propanoic acid in a Friedel-Crafts acylation reaction conducted in a plug flow reactor at 150°C; neat triflic acid (TfOH) is used as acid catalyst as well as solvent. Species 2 A , 1-(4-isobutylphenyl)propan-1-one, is produced with reported conversions of 91%; the reactor effluent is then chilled to 0°C (Bogdan et al., 2009 ). The effluent is mixed with additional reagents and solvents that have also been chilled to 0°C.
In the second reactor (50°C) a diacetoxyiodobenzene-mediated 1,2-aryl migration converts 2 A to 3 A , 2-(4-isobutylphenyl)propanoate, with 98% conversion. The reactor products are combined with a water-methanol stream containing potassium hydroxide, and the resulting mixture enters the last reactor.
The third reactor, operating at 65°C, causes the saponification of 3 A into the potassium salt form of the ibuprofen. This is acidified with strong acid -reverting ibuprofen to its normal carboxylic acid form -during product recovery and separation (Bogdan et al., 2009 ).
Full ibuprofen batch separation (Ibuprofen BX,F )
In the experimental demonstration, a comprehensive batch process was used to recover ibuprofen (Bogdan et al., 2009 ). While it achieves ibuprofen in high purity, such a process can take time and require large quantities of material (Andraos, 2011) ; the overall API product recovery is 57.8. To estimate the capital costs required for such a process, a scheme where some batch vessels perform multiple functions of the Bogdan et al. (2009) scheme was devised ( Figure 5 ). Batch vessel IB-BX-T1 is a mixing vessel which quenches the product of the last PFR; methanol is then evaporated by IB-BX-EV1. Vessel IB-BX-T2 performs an organic wash with diethyl ether and acidification with concentrated hydrochloric acid. In the next vessel, IB-BX-T3, three operations are performed discarding the aqueous phase in each case: extraction with diethyl ether, washing with water, and a wash with brine. The material is then dried with sodium sulphate, mixed in IB-BX-T4 and filtered out by IB-BX-F1. The organic filtrate is concentrated and then dried in IB-BX-DR1, and subsequently solubilised in IB-BX-T5 with diethyl ether, with activated carbon also added; the latter is filtered out with IB-BX-F2. The filtrate is concentrated by IBI-BX-DR2 prior to crystallisation in IB-BX-CR1. The crystals are filtered by IB-BX-F3 before being dried by IB-BX-DR2.
Ibuprofen continuous separation (Ibuprofen CPM1 , Ibuprofen CPM2 )
Continuous separation alternatives have significant promise in delivering cost and sustainability benefits, and here we also economically evaluate two continuous liquid-liquid extraction options we previously reported Gerogiorgis, 2015a, 2015b) . The first option (Ibuprofen CPM1) uses toluene as a waste-extracting solvent, operating at 65°C at a mass rate 75% that of incoming reactor effluent mass. The second (Ibuprofen CPM2) uses instead n-hexane, also at 65°C, but at a mass rate of 50% incoming mass. The former option (Ibuprofen CPM1) has the advantages of lower environmental impact (toluene is less toxic and damaging than n-hexane), while n-hexane use requires less solvent for similar product recovery (Ibuprofen CPM1 can recover 89.2% of API, while CPM2 can recover 89.5%). Toluene use is normally recommended here; nevertheless, n-hexane use is analysed in order to determine the difference in potential cost savings. An example flowsheet of the above process is given in Figure 5 . In continuous contacting tank IB-CPMX-T101, the incoming reactor product stream is acidified. The resulting acidified stream then proceeds to liquid-liquid API   IB-BX-T1   IB-BX-EV1   IB-BX-T2  IB-BX-T3  IB-BX-T4   IB-BX- extraction in IB-CPMX-T102, where either toluene (X = 1) or hexane (X = 2) are used. Given the low quantities of solvent used in this extraction stage relative the feed, long residence times will likely be required to ensure adequate inter-phase contact and mass transfer.
Lean ibuprofen batch separation (Ibuprofen BX,L )
A more equal basis for comparison to continuous separations is provided by considering a simplified batch separation scheme, based on the process used by Bogdan et al. (2009) . In this simplified scheme (Fig. 5) , the major unit operations -those which perform quenches, solvent swaps, acid neutralisation, and extraction -have been kept while those which remove trace impurities or produce the API in solid form have been removed. A yield of 68% can be estimated for such a process, based on yields achieved after similar steps (Bogdan et al., 2009) ; this corresponds to a product recovery of 77%. The vessel tags and purposes are as for the full ibuprofen batch separation.
Artemisinin
The second flowsheet studied here is based on work done by Kopetzki et al (2013) . Dihydroartemisinic acid (DHAA, species 2 B ) is a waste substance from the normal (batch) extraction of artemisinin from the plant A. annua. It is mixed with trifluoro acetic acid (acting as acid catalyst), 9,10-dicyanoanthracene (DCA, a photosensitizing dye), oxygen, and toluene solvent. The dye takes no direct part in the reaction, but promotes singlet oxygen ( 1 O 2 ) generation under a light source; a high intensity monochromatic light was used by Kopetzki et al. (2013) , and it is assumed that a similar device is available here. In the first plug flow reactor, chilled to -20°C, 2 B undergoes photooxidation producing key organic intermediate 3 B and by-products. The conversion attained in this reactor is 98% (Kopetzki et al., 2013; Seeberger et al., 2014) .
In the second reactor, several reactions take place. The key ones are a Hock rearrangement and oxidation with triplet oxygen ( 3 O 2 ), producing artemisinin (species 1 B ); as previously, a variety of byproducts are also produced. The conversion attained in the second reactor is estimated to be 83.5% (Jolliffe and Gerogiorgis, 2015c).
Full artemisinin batch separation (Artemisinin BX )
As with ibuprofen, an extensive batch process was used to recover artemisinin in the experimental demonstration consisting of washes, drying, crystallisations, evaporations and filtrations; an overall product recovery of 70.8% is achieved with this method (Seeberger et al., 2014) . A potential scheme with multi-role batch equipment was devised to allow capital cost estimations ( Figure 6 ). The first vessel, AR-BX-T1 extracts and removes acid with sodium bicarbonate, washes the organic phase with water and brine, and then dries it with sodium sulphate. The organic stream is then concentrated via reduced pressure evaporation with AR-BX-EV1. The resulting material is then dissolved in acetonitrile in AR-BX-T2 before all solvent is evaporated with AR-BX-DR1; this removes any remaining toluene (Seeberger et al., 2014) . Acetonitrile is again added along with activated carbon, with the resulting mixture refluxed, in AR-BX-T3; the carbon is removed by filter AR-BX-F1. The filtrate is evaporated and dried with AR-BX-DR2 with the solids then recrystallized in AR-BX-CR1. The mother liquor (filtrate from AR-BX-FR2) is washed, dried (AR-BX-DR3) and recrystallised again (AR-BX-CR2). The solids from the first crystalliser and the mother liquor are each washed (in AR-BX-T4 and AR-BX-T5, respectively) before they are alternately dried by AR-BX-DR4. They are then combined and recrystallised again in AR-BX-CR3. The solids are filtered by AR-BX-F3 and finally washed with AR-BX-T5.
Artemisinin continuous separation (Artemisinin CPM1 , Artemisinin CPM2 )
Here, we expand on previous work (Jolliffe and Gerogiorgis, 2015b) and evaluate the cost saving potential of continuous crystallisation for API recovery ( Figure 6 ). Using the reported product recovery achieved using the batch scheme outlined above as a reference case for comparison, two continuous crystallisation alternatives were studied, the first (Artemisinin CPM1 ) using published solubility data for the use of 30:70 toluene : ethanol antisolvent by weight, and the second (Artemisinin CPM2 ) using solubility data for the use of 30:70 toluene : ethyl acetate by weight, estimated using the UNIFAC method. Ethyl acetate was identified from among 8 possible antisolvents as being a good potential candidate for this process (Jolliffe and Gerogiorgis, 2015c ). An agitated tank AR-CPMX-T201) neutralises the acid; the residence time must here be sufficient to allow adequate mass transfer between the two immiscible phases (toluene and an aqueous phase) (Jolliffe and Gerogiorgis, 2015c). The now neutralised organic phase is heated with AR-CPMX-HX201 and some solvent is removed via evaporation in AR-CPMX-FL201 to sufficiently concentrate the stream for crystallisation. The stream is cooled to the required temperature with AR-CPMX-HX202 before proceeding to the crystalliser (AR-CPMX-CR201) where either ethanol or ethyl acetate is used as antisolvent.
Lean artemisinin batch separation (Artemisinin BX )
By removing unit operations not directly related to recovering artemisinin or producing it in dry solid form, a batch separation scheme or more equal comparative basis to the continuous separation is devised. In this modified batch scheme (Fig. 6) , the unit operations for swapping toluene for acetonitrile, and the removal of DCA with activated carbon, are not included. The process proceeds from the quenching and washing of the incoming reactor effluent and subsequent removal of toluene to the crystallisation operations. The expected product recovery is as before, at 70.8%.
Higher production scale (1,000 kg/yr)
The processes studied in this work, for both APIs, produce 100 kg/yr, which is higher than the lab scale, but generally smaller than industrial implementations. The potential cost savings at 1,000 kg/yr have also been evaluated. The same cost estimation methods were used as for the 100 kg/yr cases.
Material requirements
A table summarizing the annual material input requirements for reagents, catalysts, solvents and other substances is given in Table 1 . The material requirements for the higher process scale of 1,000 kg/yr API are similar, but an order of magnitude higher. Solvents and anti-solvents used in the process and in product separation are assumed to be recovered at a rate of 90%, a common assumption (Boodhoo and Harvey, 2013); input requirements and associated costs for these materials (ibuprofen: methanol, water/brine, ethyl acetate, toluene, hexane; artemisinin: toluene, cyclohexane, ethanol, ethyl acetate, acetonitrile) have been adjusted accordingly.
COST ESTIMATION
The designs studied here have been assumed constructed at an existing pharmaceutical manufacturing site, with much of the infrastructure already in place. An 8040-hour working year (335 days) was studied. A variety of sourced vendor data and established economic prediction methods were used to estimate both Capital Expenditure (CapEx) and Operating Expenditure (OpEx).
Capital Expenditure (CapEx)
Vendor prices were sourced where possible for process vessels and equipment of suitable capacity. Where this was unavailable, cost-capacity correlations were used (Woods, 2007) . The correlations take the form of a power function:
Here, C B and C A are the costs of two identical pieces of equipment (B and A) which are at different scales, or capacities, given by S B and S A . These capacities are of a dimension inherent to the equipment: examples include tank volume and filter area. The exponent n is particular to a type of equipment, and typically ranges between 0.0-1.0. In addition, other factors, summarised above as f can be applied to take into account design options such as construction material or design operating conditions. Where there is a significant surplus in the applicable capacity range to the required capacity, these additional factors were not used. To account for the greater cost of continuous equipment with regards to batch equipment of the same capacity, a factor of 0.9 was applied to continuous equipment when there was no suitable batch equivalent cost-capacity relation available. In addition, where the determined price corresponds to the past, the Chemical Engineering Plant Cost Index (CEPCI) was used to calculate the inflation to allow appropriate cost adjustments to the present time. A summary of the equipment costing for the processes (batch and continuous separations for both APIs) is given in Table 2 (ibuprofen) and Table 3 (artemisinin).
The use of inflation-adjusted Equation (1) produces the Free-on-Board (FOB) cost. The Chilton Method was then used to estimate the Battery-Limits-Installed-Cost (Couper, 2003) . The installed equipment cost was taken to be 1.43 times the FOB. Process piping and instrumentation were taken to be 0.3 and 0.12 times the installed equipment costs, respectively; the sum of the installed, piping, and instrumentation costs then forms the total physical plant cost, to which a final factor for construction (0.3) is included, producing the BLIC.
The Working Capital and Contingency (WCC) is calculated with working capital 35% and 3.5% of annual material costs for processes which are batch and continuous, respectively (Schaber et al., 2011) . The contingency was set at 20% of the BLIC. Finally, the total CapEx required is then the sum of the BLIC and the WCC.
Ibuprofen flowsheet equipment
The flowsheet for the production of ibuprofen consists of three reactors (with integrated heating), IB-R(101-103) ( Figure 3 ). For cost estimations, vendor quotes for a modular plug-flow microreactor system from Corning were used (Corning, 2015) . A silicon carbide (SiC) version of the G1 is also offered, which would be suitable for use with triflic acid. Although lower exponents of 0.42 have been reported for continuous reactors for pharmaceutical production (Schaber et al., 2011) , there are few cost estimation methods for microreactors available (Harmsen, 2012) ; an exponent of 1.0 has been used here, a value suggested for tubular plug flow reactors (Woods, 2007) . The design scalings are such that the design produces 100 kg/yr or 1,000 kg/yr of ibuprofen after separation and product recovery. The two chillers (IB-HX101, IB-HX102) are costed based on available price data for equipment with suitable cooling ranges and capacity. The pumps are costed based on commercially available solenoid metering pumps with suitable capacities of volumetric flowrate ranges and pressures.
Batch separation
The vessels and unit operation equipment used in the example batch separation scheme ( Figure 5 (Woods, 2007) . The mixing tanks IB-BX-T(1-5) are taken to be closed vessels with a single-turbine shaft (0.7 kW) operating at 50-100 rpm, with an alloy factor of 1.9 applied due to the use of corrosive substances (HCl 30%) brine, and a 0.9 factor for the cheaper relative cost of batch equipment. The evaporator IB-BX-EV1 was costed based on commercial rotary evaporators of suitable capacity. Dryers IB-BX-DR(1-3) are costed as batch agitated pan dryers under vacuum with heating via conduction. The filters IB-BX-F(1-3) are costed as vacuum leaf filters; a batch factor of 0.9 was also applied. Finally, the crystalliser IB-BX-CR1 is costed as a batch cooling crystalliser including mixer, scaled by internal volume; a batch factor of 0.9 was again applied.
Continuous separation
As an alternative to complex and lengthy batch separation process, a continuous alternative was envisaged and evaluated. The equipment here does not have batch cost-adjustment factors applied. The mixing tanks IB-CPMX-T101 (toluene, X = 1, or hexane X = 2) are costed as closed vessels with a turbine, as for the batch mixing tanks. The liquid-liquid extractor IB-CPMX-T102 is costed as a mixer with a separate gravity phase separator, including drives and pumps.
Artemisinin flowsheet equipment
The reactors for artemisinin synthesis are costed similarly to ibuprofen: they are costed based on a commercial modular flow reactor concept by Corning, which in addition is also offered as a photoreactor; a 10% price premium has been assumed to account for the photoreactor version. The pumps are solenoid metering pumps (commercially sourced prices), and the photoreactors have heat exchange functionality.
Batch separation
The batch separation scheme employed by Kopetzki et al. (2013) has been used as a basis to allow a comparison between batch and continuous operation. The mixing vessels AR-BX-T(1-6) are closed turbine vessels, similar to the ones used for ibuprofen (single turbine, 50-100 rpm, alloy factor, and batch cost factor taken into account). A commercial rotary evaporator was used to cost AR-BX-EV1, and vacuum agitated pan dryers with a cost-capacity relationship used for AR-BX-DR(1-4); a costcapacity relationship was also used for AR-BX-F(1-3), costing them as vacuum leaf filters, with a 0.9 batch factor applied. As with the crystalliser used in batch ibuprofen separation, batch cooling crystallisers (with batch factor 0.9) have been used as the cost-capacity basis for AR-BX-CR(1-3).
Continuous separation
The continuous separation of artemisinin studied here ( Figure 6 ) consist of three main process units, with two heat exchangers and pumps. The acid neutralisation tank AR-CPMX-T201 is costed as a single turbine mixing tank, as for other mixing tanks studied. Flash column AR-CPMX-FC201 was costed as a vertical pressure vessel that can operate at up to 1 MPa, and including access holes and nozzles. The heater AR-CPMX-HX201 and cooler AR-CPMX-HX202 were costed as shell and tube heat exchangers with fixed heads.
Operating Expenditure (OpEx)
The cost of material purchase (including reagents, catalysts and solvents) forms a significant portion of the OpEx. The prices have been sourced from vendors as well as official records of imports and exports to and from countries including but not limited to France, Spain, Germany, Iran, Saudi Arabia, China, Bangladesh and India. A subset of the established heuristics employed by Schaber et al. (2011) have been used to estimate the balance of the OpEx, which is utilities and waste disposal costs. Utilities costs have been estimated based on the total amount of material input: a figure of £0.96/kg has been used. Waste disposal costs have been estimated at £0.35/L for solvents, which constitute a significant majority of the waste. These values represent the best estimates at the current time. Labour costs have not been included as these processes are not at the highest of production scales, and the batch separation schemes employed in each experimental demonstration did not take processing time as a consideration; some operations were left overnight (Bogdan et al., 2009; Seeberger et al., 2014). Batch processes however require significant manual intervention (Plumb, 2005) , and with the number of operations employed, labour costs are likely to be high. Optimisation of the batch separations (with regards to batch sizes, number of vessels, and scheduling) will help lower operating costs, but it is unlikely that they will be on par with continuous alternatives.
The sensitivity of the cost savings to changes to key ingredient (KI) price and solvent recovery (SR) have been studied in comparison to the base conditions. The base KI cost conditions are: £1.13/kg isobutyl benzene (ibuprofen KI), a representative market price, and for the artemisinin processes no KI (DHAA) purchase cost has been assumed given the benefits of installing the artemisinin process alongside an existing traditional batch production plant (to make use of waste DHAA as feed); the base conditions for solvent recovery are 90% (including process solvents and solvents used in product separation). Sensitivity of the cost savings to KI prices of £5/kg and £10/kg (KI5 and KI10, respectively) has been studied, while for the effects of poorer solvent recovery on cost savings recovery rates of 70% and 50% (SR70 and SR50, respectively) have been studied.
Total Costs
To quantify the combined impact of both the CapEx and OpEx, a 20-year plant lifetime was imagined and the total cost of operation -as Net Present Value (NPV) -has been calculated:
Here, τ is the plant lifetime, r is the discount rate (the taken to be the annual interest rate; a value of 5% has been used). Equation (2) calculates the total cost, in present-day terms, of running a given process for the designated timespan, 20 years in this case. 
RESULTS
A graphical summary to the cost savings is given in Figure 7 , Figure 8 and Figure 9 .
Capital Expenditure
Ibuprofen shows CapEx savings at between -56.3% and -57.8% with respect to the full batch separation, and between -17.6% and -19.0% with respect to the lean batch separation. For artemisinin savings of between -14.4% and -19.7% are attainable with respect to the full batch separation, while the CapEx, for the continuous separations, is in fact between 7.5% and 14.8% greater than the lean batch separation. There is little variation across the sensitivity options KI5, KI10, SR70 and SR50, which is expected as these concern material prices and waste rather than equipment directly; there is some variation from the different levels working capital required. A summary of these values is given in Table 4 and Table 5 . At higher the process scale of 1,000 kg/yr API production, the CapEx savings (Table 8) for ibuprofen are broadly similar to the 100 kg/yr scale. However, for artemisinin, as for the lower scale, performing product separation using continuous operations is again more costly in terms of CapEx (Table 8 ).
Operating Expenditure
In contrast with CapEx, there is greater variation in OpEx savings, and solvent recovery rates have a larger impact than KI prices (Table 6, Table 7 ). For ibuprofen OpEx savings are between -51.2% and -54.0% for 90% solvent recovery, increasing to over -76% in the case of SR50, when continuous separation is compared to the full batch separation. When compared to the lean batch separation of ibuprofen, OpEx savings are between -34.5% and -65.0%. Both KI prices and solvent recovery rates have significant effects on OpEx for artemisinin, with savings varying between -8.9% and -44.9% compared to the full batch separation, and a similar range for the lean batch case. At the higher process scale, OpEx savings for ibuprofen are similar as for the lower scale. For artemisinin, greater OpEx is required for continuous separation relative to the lean batch case when at a 1,000 kg/yr scale ( Table 9 ). 
Total Costs
Summaries of the total cost savings are given in Table 10 and Table 11 . Full batch production of ibuprofen costs the most. The continuous separation schemes for ibuprofen net between -53.9% and -71.0% reduction in total costs, compared to the full batch separation, and -27.0% and -52.6% compared to the lean case. For artemisinin it is between -14.0% and -23.9% (full batch) and 12.5% and -3.0% (lean batch). The use of hexane as a solvent (Ibuprofen CPM2 ) results in greater cost savings than toluene use for ibuprofen recovery (Ibuprofen CPM1 ), however the difference is small at less than one percentage point in each case. In contrast, the advantages of ethanol use for continuous artemisinin separation (Artemisinin CPM1 ) are clearer, with total cost savings in the order of five percentage points better than for ethyl acetate use (Artemisinin CPM2 ). When compared to the lean batch case, the CPM of artemisinin generally costs slightly more when using continuous separation. The cost trends for ibuprofen are broadly maintained when the process is scaled up to 1,000 kg/yr of API production, but this is not the case for artemisinin, where the higher scale produces greater cost disparities, in the favour of the (lean) batch process.
Process material efficiency
A useful metric for assessing process material efficiency and sustainability is the Environmental factor (E-factor) (Sheldon, 2012) . It is attractive and widely used as it is intuitive to understand and can be applied to processes both complex and simple; it is defined as the quantity of waste produced per unit mass of product: Here, waste comprises byproducts (bpd), unreacted reagents (ur), waste solvent (ws) and unrecovered API (uAPI); the denominator is the mass of API produced. Good E-factor values are found for industries exclusively using continuous production; the petrochemicals sector is classic example, where values of 0.1 are commonplace. For pharmaceuticals, where batch production is almost universal, values of 200 are not uncommon (Ritter, 2013) . Here, E-factor values have been computed to give an indication of the material efficiencies of the processes studied (Table 10, Table  11 ). For both process scales continuous separation has a clear advantage with superior E-factor values. Naturally, poorer solvent recovery (SR70, SR50) results in worse material efficiency (higher E-factor values), and there is no effect on material efficiency from KI cost. The leaner batch processes show improved E-factors, however they are still worse than the continuous alternatives. An increase in process scale from 100 to 1,000 kg/yr API production did not discernably impact E-factor values.
DISCUSSION
The process units and auxiliary equipment have been costed by finding prices for items of suitable capacity where possible; remaining items were costed using cost-capacity relationships with typical reference cost for the given type of equipment. In general, the required design capacities used studied here are at the low end of the application range for the relationships, and so some degree of cost overestimation is assumed. The key pieces of equipment which constitute the bulk of the capital expenditure are the plug flow reactors. They are based on a commercial microreactor system. As an emerging field of research, it is recognized that there are few established cost estimation methods available for microreactors (Harmsen, 2012) , and while it is expected that there is a greater margin of uncertainty in this unit operation compared to others, this is the best approximation of the cost that can be made at this time. There are many heuristics that have been developed to estimate batterylimits installed costs, and the Chilton Method has been used here. There were two key considerations while applying this method. The first was that at 100 kg/yr and 1,000 kg/yr API production, these processes remain relatively small, and construction of dedicated facilities is unlikely. The second is that in the case of artemisinin the key ingredient DHAA is a waste product from the normal process of artemisinin extraction (from plants), and it is reported that waste mother liquor in this latter process can be used directly without any pretreatment as feedstock in the continuous synthesis described by Kopetzki et al. (2013) and studied here. There would value-adding benefits to installing CPM processes at existing plants for artemisinin production to capitalize on this ability to use waste directly as feedstock. Therefore in the Chilton Method used here, it is assumed that there is less need for extensive building work, and that there are minimal auxiliary services and outside process lines. Emphasis was placed on instrumentation as maximising the benefits of continuous production requires significant monitoring and control of processes; instrumentation was assumed to be extensive. The concept of Process Analytical Technology as defined by the United States Food and Drug Administration, and the necessary tools to achieve the goals outlined therein, underline the importance of advanced instrumentation and control. The small variation in CapEx between the base cases and the sensitivity analysis cases (KI5, KI10, SR70, SR50) is expected, as these changes primarily affect ingredients and material use, so only have impact on the WCC; any effects are further diluted by the dominance of contingency (based on BLIC) in the WCC. When comparing against the exhaustive batch separation, both ibuprofen CPM separations, using either (CPM1) or hexane (CPM2), show similar cost: product recovery, and hence material input requirements for 100 kg/yr production, are similar, and rates of solvent use and their prices are also of similar size. The KI cost also has little effect of on OpEx savings, as it is cheap compared to other reagents and catalyst such as diacetoxyiodo benzene or triflic acid, and it is also masked by the cost of solvent purchase and handling (in terms of utilities and waste costs). For this reason reduced rates of solvent recovery of 70% (SR70) and 50% (SR50) have noticeable impacts on OpEx costs and savings relative to the reference batch case: the at first counter-intuitive higher cost savings (-70.0% average for SR70 and -77.2% average for SR50, compared to -51.4% average for the base case at 90% solvent recovery) result from this greater weight of solvents in the calculations; absolute OpEx costs for SR70 and SR50 are higher than for the base case. In essence, the advantage of continuous operations is more evident for processes which are more wasteful. The OpEx cost savings from CPM separation are -29.3% and -22.5% for artemisinin: the latter (for CPM2, ethyl acetate use) has slightly poorer performance from greater material input requirements compared to CPM1 (ethanol); ethanol use would be preferred here for further design. Regarding KI price, its effect is prominent as the other reagents are cheaper and the cost of KI purchase rapidly dominates the OpEx. As is the case for ibuprofen, lower solvent recoveries lead to better apparent cost savings, yet poorer performance as absolute OpEx costs are higher than the base case. Considering total costs and savings for the base case and permutations over a 20-year plant lifetime, similar trends are observed (Table 11) . For both APIs, continuous separation costs less than batch, and KI price has relatively little impact, being dominated by CapEx costs. Poorer solvent recoveries do however reduce performance: while costs are lower than the reference batch cases, and there are higher percentage savings (particularly for ibuprofen), absolute costs are nevertheless higher than the base case with goodsolvent recovery rates. This is further underlined by the worse material efficiency for SR70 and SR50. Base case E-factor values are 44.0 for ibuprofen (average CPM1 and CPM2) and 12.8 for artemisinin (average), which are improved over the reference batch separation values of 131.6 and 15.6 for ibuprofen and artemisinin, respectively, which worsen poorer solvent recovery. The CPM case E-factors calculated here are acceptable for a pharmaceutical process, considering typical values for (Ritter, 2013) ; other syntheses of ibuprofen over the years are reported to have E-factors between 50 to over 10,000 (Andraos, 2011) . When the continuous separations (CPM1 and CPM2) for each API are compared against the modified, leaner batch separation, the spectrum of cost savings changes. The potential CapEx savings are reduced, which is not unexpected as there are fewer plant items in the batch separation flowsheets. Indeed, while there are still CapEx savings in the case of ibuprofen, for artemisinin the continuous separations cost more. This is chiefly due to the lower estimated product recoveries in the continuous crystallisation operations, which in turn require greater material input and larger reactors, which significantly contribute to CapEx costs. However, it should be noted that the time required to complete the batch separation process is not fully elucidated in the literature, and so the overall material processing rate may be lower than assumed here, which could lead to higher CapEx for the batch case, and so more favourable cost comparisons for continuous separation cases. The potential OpEx savings, while still generally good, are diminished in the ibuprofen cases. For artemisinin, OpEx savings are relatively unchanged between comparisons to lean and exhaustive batch separations. This is chiefly due to the difference in unit operations omitted in the simplification of the batch separations, with those omitted from the ibuprofen flowsheets requiring more auxiliary material, and from the increased material input requirements for the ibuprofen cases (which leads to increased costs for material purchase, handling and waste treatment). The diminished cost advantages for artemisinin continuous separation, arising from higher CapEx costs, carry over into total costs: for the Table 9 . OpEx costs (£) and savings for batch (lean) and continuous API separation and recovery (10 3 kg/yr API production).
majority of cases, total costs for continuous separation cases are marginally higher than the lean batch case.
Evaluating the processes (lean batch vs continuous separation) at the higher process scale of 1,000 kg/yr underlined a diverging trend between the ibuprofen and artemisinin processes. At the higher scale, cost savings are not readily apparent for artemisinin, while all cases studied for ibuprofen continuous separation yield total cost reductions. This highlights the great variability between different processes, their chemistries and their operation. As has been done by many groups, case-bycase investigations of candidate APIs is required. Nevertheless, the artemisinin synthesis route studied here does show significant promise, and with further optimisation and exhaustive design, the apparent cost of continuous separations could potentially be lowered. Indeed, there are plans to commercialise this process (Extance, 2012) .
In recent years, although there have been many publications in the field of CPM, there have only been a handful of studies including direct comparisons of batch and continuous production for the same API. In one of the first such examples, an extensive comparison was made for a full end-to-end synthesis of an API and in some cases up to 76% capital expenditure or 40% total cost savings could be made by switching from batch production (Schaber et al., 2011) . In a similar study comparing five continuous schemes to a reference batch case for the 100 kg/yr production of typical high-value, lowvolume API found capital expenditure reductions of up to 72% and total cost savings between 31% and 35% (Denčić et al., 2014) .
With the exception of the reactors and some auxiliary items such as pumps, chillers and evaporators, the unit operations have been costed as standard types of continuous equipment (Woods, 2007) . There is a need for research into unit operations specifically for use with CPM and at the microscale (Schaber et al., 2011) . While some areas such as microreactors (Kockmann et Rapid comparative economic analyses are invaluable tools for evaluating process potential. Given the costly reagents used in the ibuprofen synthesis shown here, commercialisation is not envisaged without further development and modification, however the artemisinin design developed by Kopetzki et al. (2013) shows great promise and there are plans for industrial-scale versions (Extance, 2012); the use of photoreactors for efficient artemisinin semi-synthesis has been explored by other groups also (Amara et al., 2015) . This is a trend seen with a few other APIs also: while it will be some time before CPM becomes commonplace, there has been recent FDA approval for a new drug produced exclusively via continuous production, and there are other CPM plants being constructed or awaiting approval (Armental and Burton, 2015; Palmer, 2015).
CONCLUSIONS
With continuous processing offering various advantages over batch processing -the dominant method in pharmaceutical production -extensive evaluation of potential benefits for drug products is paramount. The potential cost savings from employing continuous product separation over batch were studied for two important Active Pharmaceutical Ingredients (APIs), ibuprofen and artemisinin. As drugs of critical importance (ibuprofen is listed as an essential drug by the World Health Organisation, as are many formulations of artemisinin derivatives), they are among those substances for which the use of CPM could add great societal as well as economic value (other examples include novel substances for which the chemistry can be developed from the start with continuous production in mind). Continuous Pharmaceutical Manufacturing (CPM) offers a novel path to securing competitiveness for pharmaceutical firms challenged by the current economic and market environment. Preliminary studies estimating process efficiencies and economics are valuable tools for identifying and evaluating promising candidate APIs and processes for CPM. Four processes have been evaluated for each API (eight total) with continuous upstream production: the full batch product recovery reference case, lean reference batch case, and two continuous separation cases which employ similar processes but different solvents, anti-solvents or operating conditions. Two production scales were studied: one to produce 100 kg per year after product recovery, and the other to produce 1,000 kg per year, with requisite material balances and reactor dimensions calculated for all. A combination of vendor quotes, market data and cost estimation methods have been employed to calculate Capital Expenditure (CapEx), Operating Expenditure (OpEx), and total costs, along with the percent cost savings the continuous schemes offer over the given reference batch case. Material efficiencies in the form of E-factors (mass of waste per unit mass of product) were also calculated. CapEx savings were greater for ibuprofen, with savings attainable in all cases studied, while for artemisinin, CapEx savings were lessened at higher production scales. In contrast, OpEx savings were broadly similar for the two APIs except at the higher process scale, where artemisinin OpEx savings were diminished. Finally, over a 20-year plant lifetime CPM use for ibuprofen attains total cost savings in all cases studied, but artemisinin shows varied savings, with lower process scales performing better. The CPM processes are also more materially efficient with improved E-factor values compared to the batch cases. 
